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Abstract 
In order to widen a sweet area of a golf club head, it has been attempted to increase a coefficient of restitution in the 
peripheral portion of a face with a variable thickness distribution design. To do so, both the restitution and the 
strength performance are required, and technology for the estimation of the golf club head strength is necessary.  In 
these investigations, principal strains of the face during the impact were compared between finite element analysis 
and experiments. As a result, following two conclusions were made. First, the finite element size of 0.4 mm is 
suitable to obtain the principal strains during the impact. Second, the sequential waveforms of the maximum principal 
strains show a similar tendency between analytical and experimental results. Also, following two points were 
considered. First, the magnitude of the principal strain of the face in the simulation was considered to show much 
better agreement with that of experiment when the contact times between simulation and experiment coincide with 
each other through the ball material modeling. Second, the bending of the face in the vertical direction was 
considered to be a major influential factor of the maximum principal strain. 
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1. Introduction
It is said that the essence of golf is “far and sure”, and the demands in golf clubs are carry and steady
directional performance.  Specifically, the carry performance is one of the most important factors in wood 
clubs. In order to increase the carry, it is effective to maximize the initial speed of the ball after the 
impact. Authors have revealed the fact that the coefficient of restitution (COR) between a ball and a club 
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head reaches its peak value when the frequency at the minimal value of mechanical impedance of the golf 
club coincides with that of golf ball [1] [2]. Based on this knowledge, the wood golf clubs have been 
designed so that the volume of the golf club head is increased to maximize the face surface area, and the 
thickness of the face is reduced for the frequency at the minimal value of mechanical impedance to 
coincide with that of golf ball.   
However, the maximum value of COR has been regulated since 2008. Under this restriction, the wood 
golf clubs have been designed as follows.  First, a sweet area was enlarged while restraining COR so as 
not to exceed the regulation limit. Second, the center of gravity of the head was lowered to achieve higher 
launching angle of the ball and to reduce the back spin, and so on.  
An effective design to widen the sweet area is to increase the moment of inertia of the golf club head. 
In addition, it has been attempted to increase COR in the peripheral portion of the face without changing 
the maximum COR. It is done by thinning the peripheral portion and thickening the center portion at the 
same time. However, according to this method, thin peripheral portion of the face not only increases COR 
in the peripheral portion of the face, but also reduces the strength of the corresponding portion as a matter 
of course. Therefore, in order to widen the sweet area with this method, both the restitution and the 
strength performance are required, and the estimation technology for the golf club strength is necessary. 
Although a number of numerical analyses of the restitution performance have been made by FEA [3] 
[4], few studies were conducted which compared the analyses and experiments from the view point of the 
strength at the face of the wood golf clubs. In these investigations, a finite element model of a golf club 
was constructed and a simulation of the impact phenomenon between the golf club and a ball was 
performed.  Then, the predicted results of the maximum principal strain during the impact were compared 
with those of the experiment. Finally, a major factor which is influential to the maximum principal strain 
was investigated. 
2. Finite Element Model and Analytical Method 
2.1.  Analytical model 
A driver (XXIO) produced by SRI Sports Limited was used.  Figure 1 shows the shape of a club head.  
A head has a three-piece structure; a cup face, a body and a crown, and the each piece is made of different 
titanium alloy.  The face is designed to be thick in the center and thin in the periphery.  In general, the 
face surface of the golf club head has face lines.  However, in these investigations, the face surface is 
designed to be smooth for the simplicity.  
The finite element models of club head were constructed with the 4-node tetrahedron elements.  For 
the element size dependency check, the element sizes (representative length) of the face portion were 
varied as 0.3, 0.4, 0.5, 0.6, 0.8, 1.0 and 1.5 mm.  The element size of the body portion was fixed as 2 mm.  
All the materials of the face, the crown, and the body were modeled as linear elastic solids.  Table 1 
shows properties of club head material.  These Young's moduli and Poisson’s ratios were measured in 
tensile tests. 
 
 
 
 
 
 
 
Fig. 1. Club head model (a) Cut view of finite element model (element size of 0.4 mm); (b) Face thickness distribution 
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Table 1. Properties of club head material  
 Young's modulus(GPa) Poisson's ratio Density(kg/m3) 
Face (Ti-5Al-1Fe) 119 0.35 4,380 
Body (Ti-6Al-4V) 126 0.35 4,420 
Crown (Ti-15V-3Cr-3Sn-3Al) 113 0.33 4,770 
Weight (Stainless steel) 206 0.30 7,780 
2.2. Ball model 
A two-piece ball (Tour Special) produced by SRI Sports Limited was used. The finite element model 
of the ball was constructed with the 8-node hexahedron elements, and was divided into 6 layers as shown 
in Fig. 2.  Each portion was modeled with linear elastic solids.  Table 2 shows properties of ball material. 
The Young's modulus of the cover was obtained by bending test. The hardness of the core varied 
significantly in the radial direction.  Therefore, assuming that the Young's moduli of the core were 
distributed in the same manner as distribution of values of hardness obtained by durometer hardness 
tester, and the Young's moduli of the core were determined so that the calculated deformation of the ball 
agreed with actual compression-tested deformation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Ball model  
Table 2. Properties of ball material   
Layer Young's modulus(GPa) Poisson's ratio Density(kg/m3) 
 1st 22.3 0.46 1,204 
 2nd 30.1 0.46 1,204 
 3rd 39.0 0.46 1,204 
 4th 70.2 0.46 1,204 
 5th 83.6 0.46 1,204 
 6th 221.0 0.46 878 
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2.3. Analytical method 
A multi-purpose dynamic non-linear finite element analysis software LS-DYNA v971 was used.  In 
these investigations, a phenomenon that the golf club head impacts a stationary ball with a certain lie and 
loft angle was simulated.  As a stress wave of bending of a shaft caused by the impact is transmitted only 
a few dozen cm during the golf ball is in contact with the golf club head, the existence of the shaft has 
little effect [5]. Therefore, in these investigations, the shaft was neglected. The impact speed of the golf 
club head was 35 m/s, and was assumed to impact on the center of the face (center of figure).  The penalty 
method was applied for treatment of the contact between the golf club head and the ball.  The coefficients 
of kinetic and static friction were 0.3. Gravity was neglected. 
3. Impact Experiment 
3.1. Preparation of club for strains measurement 
For the verification of the simulation, strains on the face at actual swing were measured.  A club face 
attached a triaxial strain gauge (Kyowa KFG-1-120-D17-11 L3M2S Gauge length 1 mm) to the back side 
of the face center was prepared.  Then, the face was welded with the body (Figure 3). The face has a 
smooth surface without face lines in the same manner as the finite element model. A set of two-core 
shielded cable with 5 m length was used as a lead wire for the strain gauge. 
 
 
 
 
 
 
 
 
 
 
Fig. 3. How to prototype the club for strain measurement 
3.2. Impact experiment 
A swing robot manufactured by Golf Laboratories, Inc. was used. The swing robot has a two-link 
mechanism, and the head speed and the incident angle were adjusted.  The contact time between the golf 
club head and the ball is approximately 0.5 ms.  Therefore, a signal conditioner (Kyowa CDV-700A) 
having a response frequency range of DC-500 kHz was used.  The sampling frequency was 500 kHz, and 
the sampling time was 2 ms.  The head speed was 35 m/s and impact point was the face center. 
4. Results and Considerations 
4.1. Analytical solution 
Figure 4 shows sequential maximum principal strains on the back side of the face center depending on 
the element sizes.  The maximum principal strains reached their peaks at 0.20 ms except for the case of 
1.5 mm element size.  In the case of 1.5 mm element size, degrees of freedom of the finite element model 
Output port for shielded wire (connected to 
bridge box via a shaft)
Triaxial strain gauge (attached to the back 
side of the face center) 
Welding line (broken line) 
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in terms of bending deformation seemed to be insufficient since the number of divisions of the element in 
the direction of the thickness of the face was as small as two layers.  Figure 5 shows the peak values of 
the maximum principal strains and CPU times for the respective element sizes.  The peak value of the 
maximum principal strain increased with element size decrease.  While the peak value of the maximum 
principal strain was 4.28*10-3 for 0.4 mm element size, and 4.33*10-3 for 0.3 mm element size, the 
difference was as small as 1.2%.  In contrast, the calculation time was 14 hours for 0.3 mm element size, 
and 13 hours for 0.4 mm element size.  This shows that the element size of 0.4 mm was suitable for 
obtaining the maximum principal strains during the impact considering the cost performance. 
 
 
 
   
 
 
 
 
 
 
 
 
 
Fig. 4. Comparison of sequential maximum principal strains  
based on various element sizes 
4.2. Comparison between analysis and experiment 
Figure 6 shows comparison results of the sequential maximum principal strain between the experiment 
and the analysis.  The maximum principal strain of experiment increased linearly after the impact, and 
reached a peak value of 4.72*10-3 at 0.20 ms.  Then, that reduced linearly and reached zero at 0.49 ms. In 
this manner, the sequential waveform of analysis was substantially similar to that of experiment.  As the 
peak value of experiment was 4.72*10-3, while 4.28*10-3 in the analysis, the error of each other was 9%, 
that is, they showed good agreement with each other.   
On the other hand, regarding to the contact time, 0.49 ms was for experiment, and 0.53 ms was for 
analysis.  That is, the contact time of the analysis was 8% longer than that of experiment.  And the 
magnitude of the principal strain was calculated to be smaller than the experiment.  In these 
investigations, the viscosity and the velocity dependency of the material was neglected for the simplicity.  
Therefore, the magnitude of the principal strain of the face in the simulation was considered to show 
much better agreement with that of experiment when the contact times between simulation and 
experiment coincide with each other through the ball material modeling. 
Figure 7 shows distributions of strains in the face thickness direction cross the face center.  In Fig. 7, 
the horizontal axis represents the position in the face thickness direction, and a position of 3.3 mm 
corresponds to the back side of the face when a position on the outer surface of the face is represented as 
0 mm.  The strains εz in the vertical direction of the face are negative on the outer surface side, and 
positive on the inner surface side, and are distributed linearly.  The strains εy in the toe-heel direction of 
the face have the same tendency with εz, and are smaller than εz.  These results mean that the face was 
under typical biaxial bending in the vertical and the toe-heel direction of the face during the impact.  
Since the length of the face in vertical direction was shorter than in the toe-heel direction, the bending of 
Fig. 5. Comparison of the maximum principal strain peak value 
and the CPU time based on various element sizes 
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the face in the vertical direction was considered as a major influential factor of the maximum principal 
strain.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Comparison of maximum principal strains between  
experiment and analysis (element size: 0.4 mm) 
5. Conclusion 
In these investigations, in order to develop a technology to estimate the strength of the golf club head, 
the impact analysis based on the finite element method was conducted to calculate the principal strains of 
the face.  Also, the golf club for experiment attached a triaxial strain gauge was prototyped and the 
principal strains were measured. With those results the comparative study was conducted.   
As a result of analysis, the finite element size of 0.4 mm was suitable to obtain the principal strains 
during the impact. Also, the sequential waveforms of the maximum principal strains were shown similar 
tendency between analytical and experimental results.  
On the other hand, following two points were considered. First, the magnitude of the principal strain of 
the face in the simulation was considered to show much better agreement with that of experiment when 
the contact times between simulation and experiment coincide with each other through the ball material 
modeling.  Second, the bending of the face in the vertical direction was considered to be a major 
influential factor of the maximum principal strain.  
References 
 [1] T. Ymaguchi, et al. Transfer Characteristics in Collision of Two Visco-elastomers under Mechanical Impedance. Theoretical 
and Applied Mechanics 1985;34:153–166. 
[2] T. Ymaguchi, T. Iwatsubo.  Optimum design of golf club considering the mechanical impedance matching. In: M.R. Farrally 
and A.J. Cochran, editors. Science of Golf III,  UK: Human Kinetics; 1998, p.500–509. 
[3] T. Iwatsubo, et al.  Influence of Characteristics of Golf Club Head on Release Velocity and Spin Velocity of Golf Ball after 
Impact. In: E. Thain editor. Science of Golf IV, London: Routledge; 2002, p.410–425. 
[4] G. Tavares, M. Sullivan, D. Nesbitt. Use of Finite Element Analysis in Design of Multilayer Golf Balls. In: M.R. Farrally 
and A.J. Cochran editors. Science of Golf III,  UK: Human Kinetics; 1998, p.473–480. 
[5] T. Iwatsubo, S. Kawamura, T. Fukuda, T. Yamaguchi. Study of Influences of Characteristics of Golf Club on Impact 
Phenomenon. Transactions of the Japan Society of Mechanical Engineers 1998; Series C, Vol.64, No.623, p.44–51. 
X
Z
Y
Fig. 7. Distribution of Strains in the Thickness Direction 
of Face (element size: 0.4 mm) 
